Comparative studies of growth, yield of organism and synthesis of nucleic acids were made on a strain of Mycobacterium smegmatis grown with and without sufficient iron. Although the bacteria grew exponentially at the same rate in the iron-deficient medium as in the iron-replete medium, the content of RNA and DNA was lower in the iron-deficient bacteria. In the irondeficient cultures, growth ceased abruptly after an exponential phase characterized by an inhibition of DNA synthesis. The pH value of the medium became increasingly acidic as iron-deficient growth proceeded.
INTRODUCTION
The need for iron as an essential element for the production of enzymes involved in the cytochrome system for production of high-energy phosphate is well established (Theodore & Schade, 1964) . Poor growth results with many bacteria when the media are depleted of iron, and the growth obtained is often proportional to the amount of the iron available in the medium. The response of DNA and RNA synthesis to changes in growth rate, shift-up and shift-down, induced by medium changes have been studied in detail for several organisms (Herbert, 1961 ; Schaechter, Maaloe & Kjeldgaard, 1958; Schaechter, 1961; Neidhart & Fraenkel, 1961 ; Neidhart & Magasanik, 1960) . Gro wth-rate changes, induced by carbon and/or nitrogen-source variations, result in predictable effects on RNA and DNA synthesis. As the growth rate decreases, the rate of synthesis of RNA decreases. This slowing of RNA synthesis precedes the slowing of DNA synthesis. As growth rate increases (as in shift-up) RNA responds first and DNA later. Such results led Herbert (1961) to formulate rules describing the shifts in nucleic acid content of bacteria. Thus the RNA and DNA content of Aerobacter aerogenes and Bacillus megatarium, to mention only two (Herbert, 1961) , did vary according to these simple rules, under variations of supplies of carbon source and nitrogen source. These rules have not been so exclusively tested with growth changes induced by variations in the concentrations of nutrient minerals. The present work describes the growth and content of RNA and DNA of Mycobacterium smegmatis grown in submerged cultures in chemically defined media. Iron-replete cultures were expected to show the usual pattern of nucleic fluctuations as described by Herbert (1961) for other bacteria, since, in the present author's view, the sequence of growth of bacteria in a closed system can be viewed as a gradual 'shift-down'. Certain features of the growth of M . smegmatis were found to be typical, but the DNA fluctuation was
112
A. B. HARRIS not. It was not expected that the content of organisms grown in the iron-replete medium would differ from the content of the organisms grown in the iron-deficient medium during the exponential phase, since equality of growth rate usually results in identity of composition (Schaechter, 1961) . Differences were found in the composition of the bacteria mass according to the concentration of added iron. Previous studies of the composition of M. smegmatis which correlated growth, cell content and mineral supply, were confined to surface cultures (Winder & O'Hara, 1962) . Such cultures have inherent drawbacks, particularly in that two types of bacterial populations exist: one on the surface of the pellicle, and a population more or less submerged in the medium, below the pellicle.
METHODS
Organism. The strain of Mycobacterium smegmatis used was obtained from the Medical Research Council of Ireland's Laboratories, Trinity College, Dublin. It is very similar to NCTC 8152, and is the strain used by Winder & O'Hara (1962) .
Media. The bacteria were grown in submerged culture using Proskauer & Beck (Winder & O'Hara, 1962) medium. It had the following composition: asparagine, 5.0 g. ; magnesium citrate, 1.5 g. ; KH2P04, 5.0 g. ; glycerol, 20.0 ml. ; glass-distilled water to 1 1.; adjusted to pH 7.0 by addition of 5 N-KOH solution before adding the magnesium citrate. The chemicals used were all of analytical reagent grade, except magnesium citrate, which was a British Drug Houses Limited product.
The medium was depleted of trace metals by autoclaving with alumina as described by Winder & O'Hara (1962) except that alumina was added to the medium to give a 2 % (w/v) suspension. A chromatographic grade of alumina was used (May and Baker Ltd., Dagenham, Essex). After filtration to remove the alumina, iron-replete media was prepared by adding iron, as a solution of FeS0,.7H20, to give a concentration of 2.0 pg. added Fe2+/d. Zinc was added as a solution of ZnSO, . 7H20, to give a concentration of 0.4 pg. added Zn2+/ml. to iron-replete medium, and to iron-deficient medium (medium with no added iron).
The media were then dispensed in 80 ml. or 160 ml. volumes into 250 ml. conical Pyrex flasks.
The following procedure was applied to flasks, pipettes, Pasteur pipettes, ball mills and beads, in order to remove traces of iron and zinc from their surfaces. Glassware was soaked for 2 days in ethanolic KOH (5 %, w/v), then rinsed with tap water, soaked in nitric acid (a 50 % (v/v) solution of conc. HNO, sp.gr. 1-42, in water), rinsed with tap water (21./25Oml. flask), and washed four times with glass distilled water. All glassware was dried in air before use.
Pipettes and other glassware were sterilized by heating for 2 hr at 160". Preparation of inocula. Bacteria from a 3-day surface culture of Mycobacterium smegmatis grown at 37" were suspended in fresh media and lightly ground in a ball mill. Portions of the suspension were pipetted to 250ml. flasks containing media (160ml. or S o d . ) to give, approximately the equivalent of 1 . 5~ lO-,rng. dry wt. bacteria/ml. in the resulting suspension.
Growth and harvesting of bacteria. Inoculated flasks were placed in a gyratory incubator-shaker (model G 25; New Brunswick Scientific Co. Inc., New Brunswick, N.J., U.S.A.) at 37" and shaken at 220 rev./min. (with an amplitude of 1 in.). After incubation the contents of a flask were decanted into 100 ml. nylon centrifuge tubes Nucleic acid synthesis in M . smegmatis 113 and centrifuged (2500g) for 10-15 min. at 0". The supernatant fluid was retained for pH determination, and the deposit resuspended in up to 10 ml. ice-cold distilled water, pooled with similar deposits when necessary, and then centrifuged (2500g) again in 16 x 125 mm. tared test-tubes. The supernatant fluid was discarded. Traces of supernatant fluid were removed with a fine pipette. The centrifuged deposit residue was freeze-dried at -30" and dried over P,05 for 2 days. Where necessary the contents of several flasks were pooled before drying. The weights of the centrifuged deposits were determined by difference.
Extraction procedures. Amounts from 50 to 300 mg. of freeze-dried organism were extracted. To the bacterial mass in 16 x 25 mm. test-tubes, 0-5 ml. water was added, and then the mass was treated with absolute ethanol (5 ml. at 18" for 30 min.), and then successively extracted (3 x 5 to 10 ml.) with ethanol ether (3 + 1, v/v, 60"). These extracts and the ethanol extract were pooled for phospholipid determination. After each extraction the suspension was centrifuged at 2000g for 5 min. at 60".
The residue was then extracted for the acid soluble pool by the following procedure.
The mass was agitated with 10 ml. 5 % (w/v) trichloroacetic acid (TCA) for 3 hr at 0".
The suspension was then centrifuged (2000g) for 5 min. at 0". The supernatant fluid was retained, and the residue again extracted with fresh TCA (5 ml. for 30 min.) as before, and centrifuged as before. The supernatant fluid was pooled with the first acid extract. The deposit was then washed with fresh TCA (5 ml., 0") centrifuged as before, and the washings added to the pooled supernatant fluids. Finally the extracted deposit was washed with 5 ml. water at 0", centrifuged, and the supernatant fluid added to the pooled TCA extracts. These extracts were pooled for nicotinamide moiety determination, and to determine the extinction of the 260 mp absorbing material spectrophotometrically .
The residues were then treated with N-KOH (10 ml. for 18 hr at 25") and then neutralized with 60 % (w/v) HClO,. Further perchloric acid was then added to the samples to give a 3 % solution of the acid, in which the residue was suspended and agitated at 0" for 3 hr, and then centrifuged at 2500g for 15 min at 0". The deposit was then treated with 3 % (w/v) perchloric acid (2 x 5 ml. at 0 ' ) . The supernatant fluids and washings were pooled and diluted with 3 % HClO, to a fixed volume (20, 25 ml. depending on the experiment) for determination of RNA. The residues after perchloric acid extraction were extracted with TCA (10 ml. of 5 % (w/v) for 15 min. at 90") stood at 0", and then centrifuged. The residues were then washed with two portions (5-7 ml.) of 5 % (w/v) TCA at 18", resuspended, and centrifuged; the supernatant fluids were then pooled and brought up to a fixed volume (20 or 25 ml.) with TCA (5 %, w/v) for determination of DNA.
In the extraction procedure described above, centrifugation was done at 0", for 5-10 min. at 2000g unless otherwise stated. During the extractions the deposits were suspended and agitated by stirring with fine glass rods, and supernatant fluids removed by decantation and finely tapered Pasteur pipettes.
Determination of nucleic acids. The solutions containing the nucleic acids were determined for RNA and DNA spectrophotometrically by measuring their extinctions (1 cm.) at 260 mp and 269.5 mp. Concentrations are expressed in atoms of phosphorus by using the atomic extraction coefficient given by Logan, Mannel & Rossiter (1952) .
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RESULTS
Growth of Mycobacterium smegmatis
The exponential doubling time of Mycobacterium smegmatis in these cultures was found to be 7.0 k 0-5 hr. Growth departed from the exponential at about 7 generation times after inoculation both in iron-replete and in iron-deficient media. Growth in the iron-replete medium continued to increase for a further three generation times; in the iron-deficient medium growth was nearly stationary after the exponential period. Whereas the slowing down in growth rate in the iron-replete medium was gradual, there appeared to be an abrupt transition from exponential to stationary growth in the iron-deficient medium (Fig. 1) .
2*50 r
Age of culture (hr) Fig. 1 . Growth of Mycobacteriurn smegmatis in chemically defined glycerol asparagine medium at 37" with different concentration levels of added iron. Iron-replete organisms (a)
were grown in media containing 2.0 pg. added Fe-2+/ml. and 0.4 pg. added Zna+/ml. liondeficient organisms (0) were grown in media containing 0.4 pug. Zn2+/ml. but no added iron.
The yield is expressed as W = equiv. mg. dry wt. organism from 80 ml. culture.
The stationary phase in the iron-replete cultures was approached gradually ( Fig. 1 ; Table 1 ) and was achieved about 7.5 generation times after inoculation.
The gradual slowing of growth in the iron-replete cultures is typical of growth obtained when several nutrients are exhausted (Herbert, 1961) , in the present case exhaustion of nitrogen and carbon sources was probably the cause (Winder & O'Hara, 1962) . However, the yields of organism obtained in cultures with sufficient iron varied, although the pattern of growth and the timing of the onset of the growth phases was constant. The yield for cultures grown in 250 ml. flasks containing 160 ml. medium was less than when 80 d. was used. The limiting factor here was the rate of oxygen diffusion into the culture, since with a larger volume of medium the surface area of medium in contact with the atmosphere, per ml. of medium, was less.
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The abrupt transition from exponential growth to the stationary phase in irondeficient culture is indicative of the exhaustion of a single nutrient (Herbert, 1961) , in this case iron.
The stationary phase resulting from iron-deficiency can persist for at least 2 days without lysis of the bacteria. Synthesis of RNA in post-exponential growth of Mycobacterium smegmatis The rate of synthesis of RNA in iron-replete cultures of Mycobacterium smegmatis slowed to a greater extent than did the growth rate, as shown by the decrease in the values of P-RNA/unit dry wt. organism. This result is typical of bacteria when undergoing a 'shift-down' in growth rate (Herbert, 1961) . This effect was shown by M . smegmatis grown in iron-replete and iron-deficient media (Table 1) . However, even during inhibition of growth by iron deficiency the content of P-RNA/dry wt. organism continued to decrease.
Synthesis of DNA during post-exponential growth of Mycobacterium smegmatis DNA synthesis is less sensitive to growth-rate changes than RNA synthesis (Herbert, 1961) . The content of P-DNA of Mycobacterium srnegmatis grown in iron-replete media appeared to increase during the transition from declining phase to stationary phase. In ' shift-down' experiments the content of DNA of bacteria increases (Herbert, 1961) . In the stationary phase of M. smegmatis grown in iron-deficient medium the content of DNA continued to decrease and reached a constant value ( Table 1) . Thus whereas a shift-down resulting from carbon and nitrogen deficiency led to the usual DNA response in M. srnegmatis, a shift-down resulting from an iron deficiency led to an abnormal slowing in DNA synthesis. 
Synthesis of RNA during exponential growth of Mycobacterium smegmatis
There appeared in the early exponential phase of Mycobacterium smegmatis growing in iron-replete medium to be a higher rate of synthesis of RNA than of cell mass. This was shown by the increase in content of RNA (Table 2) in these cultures. Before the declining phase was reached in these cultures, the synthesis of RNA accelerated, and fell behind the rate of increase of cell mass, leading to a decrease in RNA content. This decline in the rate of RNA synthesis before a declining growth rate is well known (Herbert, 1961) . In cultures of M. smegmatis grown in iron-deficient media, a similar decline of RNA synthesis before a decline of growth rate was also found ( Table 2) . According to Herbert (1961) , an identical growth rate should lead to a similarity of chemical composition in the bacteria. However, this was not found here with M . smegmatis, where, although an exponential doubling rate of 7.0 & 0.5 hr was found both in iron-replete and in iron-deficient cultures, the content of RNA was lower in the latter (Table 2) . Synthesis of DNA during exponential growth of Mycobacterium smegmatis The content of DNA increased and then decreased as the exponential phase continued in iron-replete cultures of Mycobacterium smegmatis. Herbert (1961) generalized that the content of DNA will usually decrease then increase as the decline phase of growth is approached. M. smegmatis was not found to follow this pattern (Table 2 ). In cultures of M. smegmatis grown in iron-deficient media, the content of DNA, and therefore the synthesis of DNA, decreased throughout the exponential phase. Previous studies of nucleic acid content during exponential growth (Herbert, 1961) suggested
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that the nucleic acid content of the bacteria was dependent only on the growth rate, which was itself defined by the medium. In the case of M. smegmatis an identical rate of 7.0 0-5 hr exponential doubling resulted in a different pattern of DNA synthesis, dependent upon the iron content of the culture medium ( Table 2) .
Inhibition of DNA synthesis during iron-deficient growth of M y co bacter ium smegmat is The content of DNA and RNA in iron-deficient Mycobacterium smegmatis decreased during post-exponential growth ( Table 1 ). The results of several experiments suggested that during the exponential phase the synthesis of DNA in iron-deficient cultures lagged behind the rate of synthesis of cell mass. This resulted in a decreasing content pg. DNA/mg. of dry weight of cells of DNA. RNA also decreased in content during the exponential phase ( Table 2 ). In cultures with added iron, however, the synthesis of RNA and of DNA exceeded the rate of synthesis of cell mass; this resulted in an increase of content of RNA and DNA. The rate of synthesis of the RNA and DNA then decreased, but the rate of RNA synthesis decreased before that of DNA ( Table 2 ).
Changes of the p H value of cultures during growth of Mycobacterium smegmatis
The pH value of cultures of Mycobacterium smegmatis growing in iron-replete media decreased below pH 7 during the exponential phase, but began to increase again as growth declined. Cultures of iron-deficient M . smegmatis became increasingly acid as the exponential phase progressed, and continued to increase in acidity after growth was inhibited (Table 3) . 
DISCUSSION
Previous work on nucleic acid synthesis in Mycobacterium smegmatis has been confined to the study of nucleic acid content, as measured over several days in surface cultures (Winder & O'Hara, 1962) . With their conditions of experiment only postexponential metabolism could be studied, and therefore the effects of iron deficiency 118 A. B. HARRIS could only be compared with the effects of carbon + nitrogen deficiency. It was found that, as compared with the DNA and RNA content of carbon-nitrogen-deficient cultures, DNA and RNA synthesis was inhibited in iron-deficient cultures. The present work was designed to investigate the pattern of nucleic acid synthesis in submerged cultures of M. smegmatis, and to compare the patterns obtaining in exponential growth in cultures differing only in iron content. From this work it appears that the general patterns cited by Herbert (1961) do not apply to M . smegmutis grown with adequate or inadequate iron supplies. During post-exponential growth, synthesis of RNA and DNA in the iron-deficient cultures lagged behind that in the iron-replete cultures ( Table 1) . This was not entirely unexpected since the yield of organism in irondeficient medium was less than in the iron-replete medium. However, the synthesis of DNA and RNA in iron-deficient cultures was inhibited to a greater extent than the inhibition of growth, as shown by the decreased contribution of the nucleic acids to the bacterial mass (Table 1) .
Tempest, Hunter & Sykes (1965) found that the DNA content of Aerobacter aerogenes grown in a chemostat with magnesium limitation varied little, while the RNA content was stoichiometrically related to the concentration of available magnesium; however, no consistent difference in RNA content was observed as between Mg2+-limited cultures and C-limited cultures of A. uerogenes. This is to be compared with the results obtained with Fe2+-limited Mycobacterium smegmatis, where DNA and RNA synthesis was inhibited, apparently specifically, by deficiency of iron. Growth of M. srnegmatis limited by carbon+nitrogen deficiency, was associated with the usual pattern of decline of RNA synthesis in the declining growth phase.
Since many oxidation-reduction reactions are dependent on iron-containing haemoproteins, the question arises : is the inhibition of DNA synthesis in iron-deficient Mycobacterium smegmatis the result of a breakdown of energy-supplying metabolism ? Theodore & Schade (1965) showed that a strain of Stuphylococcus uureus when grown in iron-deficient media lacked the ability to oxidize lactate, pyruvate and citrate. The carbon source in the media used for the growth of M. smegmatis in the present work was mainly glycerol and citrate. If post-glycolytic oxidation is impaired in irondeficient M. srnegmatis, a sharp cessation of growth might result, but it is difficult to account for the inhibition of DNA synthesis before growth inhibition on this basis alone. The increase in acidity of the medium in iron deficiency might be the result of excretion of lactate and pyruvate into the medium by bacteria unable to oxidize these compounds further. The increase in acidity of media containing 2.0 pg. added iron/ml. during the exponential phase might be the result of lactate and pyruvate excretion. The decrease in acidity would be explicable in that, since supplies of glycerol decreased as growth continued, aerobic oxidation of lactate and pyruvate would increase.
The effect of iron deficiency on enzyme activity of Mycobacterium smegmatis was investigated by Winder, O'Hara & Ratledge (1 961). Catalase, peroxidase, succinic dehydrogenase and glycerol dehydrogenase activity was found to decrease in bacteria grown in iron-deficient cultures, in comparison with iron-replete cultures, as the cultures grew older.
Ferrochelatase has been demonstrated in several micro-organisms by Porra & Jones (1963). This enzyme is iron-dependent, and therefore haem production is iron-dependent as well. If the synthesis of haem is inadequate in early exponential cultures of iron-deficient Mycobacterium smegmatis, and decreased below the requirements for Nucleic acid synthesis in M. smegmatis 119 oxidation and energy production, a resultant inhibition of growth would be explicable in these terms alone. However, there is no a priori reason that the present author can suggest as to why a specific slowing of the production of high-energy phosphate synthesis should specifically inhibit DNA synthesis rather than RNA synthesis. The inhibition of growth of M . smegmatis in iron-deficient cultures, if it occurred without the specific inhibition of DNA production described in this paper, would be explicable in terms of inadequate production of high energy phosphate for metabolic purposes.
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